Here we present the first attempt to test for genetic differentiation among four distinct colour morphs of the Asian golden web spider Nephila antipodiana Walckenaer. Fragments of the 18S rRNA (18S) and cytochrome c oxidase subunit I (COI) genes were sequenced in eight populations of N. antipodiana belonging to four distinct colour morphs: yellow, yellowish green, and two newly discovered morphs, reddish yellow and white-spotted. The nuclear sequences amplified from females of the four colour morphs were identical. The mitochondrial COI sequences, on the other hand, revealed slightly higher variation by recovering three haplotypes belonging to two different clades. Clade I comprises yellow, yellowish green and reddish yellow morphs from the mainland of Southeast Asia and Java, whereas clade II is restricted to white-spotted morph originating from Borneo. The low genetic divergence between both clades, despite being distinctive, undoubtedly provides new insight into the genetic diversity of this polymorphic species.
Introduction
Polymorphism is a widespread phenomenon in the animal kingdom and it has long been a concern among taxonomists and ecologists (Cabaret & Durette-Desset, 1991; Tarjuelo et al., 2004; Takaoka et al., 2016) . Identification and classification of polymorphic taxa can sometimes be challenging because some morphs may in fact comprise distinct species that have not been distinguished by traditional morphotaxonomy. The issue is strikingly acute when any morph of one species exhibits extraordinary patterns of variation and is occupying a different ecological niche.
Arthropods, and particularly spiders (Araneae), display a wide range of colours and patterns that vary both inter-and intraspecifically (Oxford & Gillespie, 1998) . The Asian golden web spider Nephila antipodiana Walckenaer (Araneae: Nephilidae) is famous for its rich polymorphism in female abdominal colour patternsvarying from yellow to red to brown. The yellow morph is the typical form whereas the yellowish green and reddish brown morphs are by far the less common forms distributed in Southeast Asia (Koh, 1989; Barrion & Litsinger, 1995; Yong, 2009; Yong et al., 2010) . In addition to abdominal colour polymorphism, they have also been reported to vary in the colour and number of spots on the dorsal surface of the abdomen (Yong et al., 2010) . Additionally, a reddish brown morph, without any spots and a black carapace, has also been reported in the Australasian region (Harvey et al., 2007) . Because of their highly polymorphic patterns, the morphs have been suspected to consist of distinct species (Koh, 1989; Yong, 2009; Yong et al., 2010) .
While the taxonomic validity of N. antipodiana has been questioned on morphological grounds, we discovered two new morphs in the present study: reddish yellow and white-spotted. The former is distributed in various populations along the east coast of Peninsular Malaysia, and the latter is primarily restricted to the island of Borneo (Sabah), approximately 1500 km from our nearest study site in Peninsular Malaysia, and 1800 km northeast of Java. The white-spotted morph is markedly distinct from the ordinary ones (i.e., yellow to red to brown), and thus, again, precludes confirmation of the species identity based on morphological criteria.
To facilitate fast and precise species identification, we performed DNA barcoding on four colour morphs of N. antipodiana from three distinct geographic regions: the mainland of Southeast Asian, and the islands of Borneo and Java. For this purpose, we adopted the most widely used genetic markers for spider DNA barcoding and phylogenetics, the cytochrome c oxidase subunit I (COI) and 18S rRNA (18S) genes (Barrett & Hebert, 2005; Su et al., 2011) . We also examined whether the four colour morphs are related to genetic differentiation.
Materials and methods

Taxon sampling
A total of 51 ingroup specimens comprising females of the four colour morphs were analysed morphologically and genetically. Samples were collected from seven populations in Malaysia, plus one population from Indonesia, but only two individuals from Indonesia were analysed. Our study sites covered three distinct geographic regions (spanning >1500 km each): the mainland of Southeast Asia (i.e., east coast of Peninsular Malaysia), Borneo (i.e., Sabah) in East Malaysia, and Java (i.e., Bogor) in Indonesia ( fig. 1, table 1 ). Our previous studies reported the absence of N. antipodiana on the west coast of Peninsular Malaysia (Dzulhelmi & Norma-Rashid, 2014; .
DNA extraction, amplification, purification, and sequencing DNA of N. antipodiana was isolated successfully from legs of individual specimens, using the i-genomic CTB DNA Extraction Mini Kit (iNtRON Biotechnology, Inc., Seongnam, South Korea). All isolation steps were performed according to the manufacturer's instructions. We sequenced a portion of the nuclear-encoded 18S gene using primers from Tautz et al. (1988) , and mitochondria-encoded COI gene using primers from Folmer et al. (1994) and Barrett & Hebert (2005) . The amplification of the COI and 18S genes was performed in a final volume of 50 μl containing 50-100 ng genomic DNA, 25 μl of NEXpro e PCR 2× Master Mix (Genes Labs Inc., Gyeonggi-do, South Korea), and 10 pmol each of forward and reverse primer. The polymerase chain reaction (PCR) was conducted with an Applied Biosystems Veriti 96-Well Thermal Cycler (Applied Biosystems, Inc., Foster City, CA, USA). The purified PCR amplicons were sequenced in forward and reverse directions, using the BigDyeH Terminator 3.1 Sequencing Kit, and visualized on an ABI 3730XL Genetic Analyzer (Applied Biosystems, Inc, USA).
Data analysis
The relationships among N. antipodiana of unknown colour morph and other members of the Nephilidae have been well studied (Su et al., 2011) , hence, their phylogenetic inference is not presented in this study.
Sequences of N. antipodiana were assembled and edited using ChromasPro 1.7.6 (Technelysium Pty Ltd., Australia) and BioEdit 7.0.9.0 (Hall, 1999) . Representative sequences of COI (KU991139-KU991145) and 18S (KU991146-KU991148) from three distinct geographic regions were deposited in the National Center for Biotechnology Information (NCBI) GenBank sequence database.
The haplotype network of N. antipodiana was analysed using TCS 1.13 (Clement et al., 2000) to calculate the minimum number of mutational steps by which the sequences can be joined with >95% confidence. Uncorrected (p) pairwise genetic distances among unique haplotypes were estimated using PAUP* 4.0b10 (Swofford, 2002) .
The aligned unique haplotype sequences of four colour morphs were subjected to Bayesian inference (BI) analysis using MrBayes 3.1.2 (Huelsenbeck & Ronquist, 2001 ). The posterior probability distribution of trees was estimated from two independent Markov Chain Monte Carlo (MCMC) simulations of 300 000 generations, where the standard deviation of split frequencies reached 0.01. The first 25% of all runs was discarded as burn-in. Parameter convergence was checked in Tracer v. 1.6 (Rambaut et al., 2013) to ensure that effective sample sizes were >200 for all parameters. Maximum parsimony (MP) and neighbour-joining (NJ) analyses were performed using PAUP 4.0b10. The MP tree was constructed using the heuristic search option, 100 random sequence additions, tree bisection reconnection (TBR) branch swapping, and unordered and unweighted characters. The NJ tree was estimated using Kimura's two-parameter evolution model of substitution (K2P distance), with 1000 bootstrap replicates. Caerostris darwini (KT267070) was selected as outgroup.
To minimize bias in taxon grouping, Poisson Tree Processes (PTP) was performed with the bPTP web-server (Zhang et al., 2013) . The maximum likelihood solution model was used, and run with the default parameters and the outgroup removed.
Results
The 18S sequences were highly conserved; no variation site was observed among the four colour morphs (data not shown). In contrast, a slightly higher variation was observed in COI sequences. The aligned COI sequences consisted of 585 characters; of these, four are parsimony-informative, 87 are variable but parsimonyuninformative, and 494 are constant.
The TCS haplotype network of the COI gene revealed three haplotypes ( fig. 2 ). Haplotype H1 differed from haplotype H2 by two changes and from haplotype H3 by seven changes. Haplotype H2 differed from haplotype H3 by five changes.
The uncorrected "p" distance based on COI sequences ranged from 0.34 to 1.20%. Haplotype H1 differed from haplotype H2 by 0.34% and from haplotype H3 by 1.20%. Haplotype H2 differed from haplotype H3 by 0.85% (table 2). The variable sites of N. antipodiana haplotypes are presented in table 3.
BI, MP and NJ analyses resulted in essentially the same topology, hence only the BI tree is shown in fig. 3 . Nephila antipodiana comprises two clades that separate the yellow-yellowish green-reddish brown morphs (clade I) from the white-spotted morph (clade II). Co-existence of haplotypes H1 and H2 was observed among the populations/colour morphs in clade I, indicating a lack of genetic differentiation. DNA-based species delimitation based on PTP analysis revealed clade I and clade II as two distinct operational taxonomic units (OTUs). 
Discussion
The occurrence and composition of discrete morphs often vary geographically in polymorphic species (McLean et al., 2015) as in N. antipodiana in our study. Across three geographic regions, we collected four distinct colour morphs of N. antipodiana: the yellow, yellowish green and reddish yellow morphs, all of which were found to coexist on the east coast of Peninsular Malaysia, whereas the unusual white-spotted morph was found exclusively on Borneo. Nevertheless, it is possible that there are small, uninvestigated populations of other colour morphs in our surveyed regions. Contrary to an earlier study (Yong et al., 2010) , we did not find the reddish brown morph that has been reported previously from the east coast of Peninsular Malaysia (i.e., Terengganu). Perhaps our cross-sectional study was not sufficient to reveal the reddish brown morph that can only be found frequently during other periods of the year. Further, whether or not the reddish brown morph has been replaced by the reddish yellow morph as a result of directional selection (Oxford & Gillespie, 2001) , is also worthy of further investigation.
The evolutionary processes in the 18S gene are slower and highly conserved within species, conceivably making it a useful tool for differentiating taxa at higher taxonomic levels (Tang et al., 2012; Wu et al., 2015) . On the other hand, the COI gene has been used very successfully in many animal taxa to discover novel lineages (Low et al., 2015 (Low et al., , 2016a . Our mitochondrial and nuclear datasets unambiguously support the conspecificity of the yellow, yellowish green and reddish yellow morphs, but on the other hand demonstrate the distinctiveness of the whitespotted morph. While most previous studies reported a lack of genetic differentiation among colour morphs of various taxa (Teske et al., 2007; Pereira et al., 2014; McLean et al., 2015) , several studies have shown an association between colour morph and genetic differentiation, in which some of the morphs may represent distinct species (Tarjuelo et al., 2004) and some of the morphs do not (López-Legentil & Turon, 2005) . In our dataset, the numbers of haplotypes revealed by the COI gene were considered low; however, two clades can be clearly distinguished.
The unknown colour morphs of N. antipodiana from Bali (HQ441926), the Philippines (HQ441925) and Singapore (HQ441924) reported in Su et al. (2011) were also compared with our samples. Nephila antipodiana from Bali shared the same haplotype as H1 (clade I) in our study, whereas N. antipodiana from the Philippines and Singapore represent two distinct haplotypes which do not fall into clades I and II (data not shown). Recognition of their colour morphs and an increased sample size are warranted to test for genetic differentiation in future research.
The high dispersal abilities of Nephila spiders have limited their diversification by maintaining gene flow among geographically distant populations (Kuntner & Agnarsson, 2011) . The COI genetic distance (up to 1.20%) presented in our study, agreed with the previous hypothesis for low genetic divergence in N. antipodiana and the other nephilid spiders, N. clavata (Su et al., 2011) and N. pilipes (Su et al., 2007) . The low genetic divergence, plus the identical 18S sequences, preclude recognition of the white-spotted morph as a distinct species; hence, we tentatively regard the two clades/entities as intraspecific lineages. The uniqueness of the lineage and colour polymorphism found on Borneo may reflect local selective pressure, the key factor of geographic variation in morph frequencies (Runemark et al., 2010; McLean et al., 2015) . It is possible that in the local population on Borneo, selective pressures drive the evolution of a distinct colour morph from the ancestral population without recombination. Nevertheless, the white-spotted morph might be absent from other regions because of its low fitness in those areas, rather than a limitation on dispersal. Additionally, Oxford (2005) also argued that polymorphism such as the physical nature of the variation and large-scale clines associated with climatic variables might be maintained by natural selection.
It should be noted that it is highly possible that additional colour morphs have not been discovered in this study, despite our sampling efforts. Additionally, the distribution of the other morphs, including the unusual white-spotted morph and their associated lineages in other geographic regions, remains to be investigated.
However, the present study represents the first attempt to test for the genetic differentiation of four different colour morphs of N. antipodiana in Southeast Asia. We have also demonstrated the value of DNA barcodes in the identification of intraspecific lineages, or those exhibiting unusual features, as with the white-spotted morph in our study. The low genetic divergence between both lineages, despite being distinctive, has undoubtedly provided new insight into the genetic diversity of this polymorphic species.
